ZnO nanoparticles were first encapsulated in submicron PS hollow microspheres through two-step swelling process of core-shell structured PMMA/PS (PMMA: polymethyl methaorylate) microspheres in acid-alkali solution, and the ZnO precursors, i.e. the ethanol solutions of (CH 3 COO) 2 Zn and LiOH. The transmission electron microscope, X-ray diffraction, and thermogravimetric analysis results show that the feeding order of ethanol solutions of (CH 3 COO) 2 Zn and LiOH in the second swelling step has great influence on the loading efficiency and the size of ZnO nanoparticles, but little on their crystal form. The photoluminescence and UV-Vis absorption behavior of ZnO/PS microspheres show that the PS shell can effectively avoid the fluorescence quenching effect.
I. INTRODUCTION
In recent years the design and fabrication of inorganic-organic hybrid materials have had great popularity in academia and industry because inorganicorganic hybrid materials combine the best attributes of inorganic solids with the processing and handling advantages of organic polymers [1−6] . Among them, coreshell structured inorganic-organic hybrid microspheres have attracted more and more attention because they can display a variety of characteristics, such as optical, electrical, magnetic and catalytic properties, by adjusting their composition, size, and structure [7−12] .
ZnO nanomaterials have shown great potential applications in optoelectronic devices [13−17] , such as gas sensors, optical waveguides, UV-laser emitters and solar cells. However, ZnO nanoparticles aggregate readily, which weakens the quantum size effect and brings the instability in macroscopic properties. In addition, water is prone to adsorbing on the surface of ZnO particles, resulting in the fluorescence quenching effect [18] . Many efforts have been made to protect ZnO nanoparticles from aggregation. Among all sorts of strategies, coating ZnO with polymer is a good choice because the crosslinked polymer can be able to form a tight shell around the ZnO core and is difficult to be removed. Xiong et al. prepared core-shell ZnO/PS and ZnO/PMMA (PMMA: polymethyl methaorylate) microspheres by initiating polymerization of St or methyl * Author to whom correspondence should be addressed. E-mail: pstwmz@ustc.edu.cn methacrylate (MMA) on ZnO nanocrystal surfaces [19] . Zhang et al. synthesized ZnO/PS hybrid microspheres through miniemulsion polymerization [20] . Tang et al. synthesized ZnO/PMMA composite microspheres by emulsion polymerization [21] . Beek et al. produced efficient hybrid solar cell through blending ZnO nanoparticles with a conjugated polymer [22] . However, all of the above methods for preparing ZnO/polymer hybrid microspheres require a uniform dispersibility of ZnO nanoparticles before polymer coats on the surface. Thus an idea is inspired that ZnO nanoparticles can be synthesized in situ in the cavity of hollow polymer microspheres.
In the present work, core-shell structured PMMA/PS microspheres are synthesized through seeded emulsion polymerization firstly. Hollow PS microspheres are obtained by acid-alkali osmotic swelling of coreshell structured PMMA/PS microspheres. The prepared PS hollow microspheres are then swollen by (CH 3 COO) 2 Zn·2H 2 O and LiOH·H 2 O in order, and finally ZnO nanoparticles are produced in situ in the cavity of the hollow spheres. This kind of hybrid microsphere keeps both the characteristics of ZnO nanoparticles and the flexibility and easy processing of polymers.
II. EXPREIMENTS

A. Materials
Styrene (St) and MMA were purified through a basic alumina column to remove the inhibitor. Acrylic acid (AA) was purified by vacuum distillation at 75
• C. Divinyl benzene, sodium persulfate (KPS), sodium do- A two-step synthesis process of ZnO/PS hybrid microspheres is illustrated in Scheme 1. It starts from the preparation of core-shell structured PMMA/PS latex, from which hollow PS microspheres are obtained. Finally, ZnO nanoparticles are in situ produced in the hollow PS microspheres.
Synthesis of PMMA seed latex
PMMA seed latex was prepared after charging monomers twice. The recipe is listed in Table I . First, all seed monomers and initiator were simultaneously added into a 100 mL glass reactor, equipped with a reflux condenser, a mechanical stirrer, an inlet for nitrogen supply, and inlet tubes for the continuous feed of materials. After bubbling nitrogen for 20 min, the system was heated to 75
• C and kept thermostatically for 30 min. Then, the remaining monomers and the initiator were fed into the seed latex within 120 min. Then, the reaction mixture was kept at 75
• C for another 30 min.
Synthesis of core-shell structured microspheres through seeded emulsion polymerization
The reaction was carried out at 75
• C with constant feeding of the sheath monomers and initiator into the above seed latex. The sheath monomer charging are 0.1, 5, 0.5, 0.05, and 0.03/20 g for MMA, St, AA, DVB, and KPS/H 2 O, respectively. The sheath monomers and initiator were added to the reactor within 90 min. The reaction was carried out for an additional 30 min after the completion of feeding.
Preparation of hollow PS microspheres
The pH of the above prepared core-shell structured PMMA/PS microspheres latex was adjusted to 11 with aqueous NaOH. The system was kept at 90
• C for 180 min. To prevent the coagulation of particles during the neutralization at high temperatures, an additional amount of SDBS was charged into the above latex. Then the emulsion was rapidly cooled to room temperature. Its pH was adjusted to 2.5 with aqueous HCl. After that, the emulsion was heated to 90
• C and held for 60 min. Then, the emulsion was cooled to room temperature again and neutralized to pH=7 with aqueous NaOH.
Synthesis of ZnO/PS hybrid microspheres
The synthesis process of ZnO/PS hybrid microspheres were achieved through three different procedures. The product from each procedure is identified as sample 1, sample 2, and sample 3 respectively. The practical conditions for each sample were described as follows:
Sample 1: 0.1 mol/L ethanol solution Zn(CH 3 COO) 2 was prepared to swell the as-prepared hollow PS microspheres latex under magnetic stirring at room temperature for 24 h. Then 0.2 mol/L ethanol solution of LiOH was added into the above mixture. Thus the molar ratio of Zn(CH 3 COO) 2 to LiOH equals to 1:2. The mixture was stirred continuously for 24 h. Sample 2: 0.2 mol/L ethanol solution of LiOH was first added to swell the hollow PS microspheres, followed by the addition of 0.1 mol/L Zn(CH 3 COO) 2 ethanol solution. The other condition was the same as sample 1.
Sample 3: All the experiment conditions were the same as sample 1 except that the molar concentration of LiOH ethanol solution was changed to 0.4 mol/L. Thus, the molar ratio of Zn(CH 3 COO) 2 to LiOH equals to 1:4.
The mechanism of the in situ synthesis of ZnO nanoparticles through sol-gel method is explained in the following equation [23] , All of three samples were centrifuged and then washed by aqueous HCl. The products were used for characterization after being dried in vacuum.
C. Characterization
The morphology of the prepared latex particles was observed using a Hitachi H-7650 transmission electron microscope with Formvar-coated copper grids at an accelerating voltage of 100 keV. The mean particle diameter and hollow size were determined from measuring at least 200 particles on the microscope photos. The photoluminescence (PL) spectra and UV-Vis absorption spectra were recorded on a Varian Cary Eclipse fluorescence spectrophotometer and a Perkin Elmer Lambda 40 UV-Vis spectrometer respectively. The crystallization structure of samples was characterized with a Rigaku wide-angle X-ray diffractometer (D/max γA, using Kα radiation at wavelength λ=1.541Å). TG profiles were obtained by Shimadzu DTG-60H at a heating rate of 10
• C/min.
III. RESULTS AND DISSCUSSION
A. Morphology of core-shell structured PMMA/PS microspheres and PS hollow microspheres
In the stage of preparing PMMA core latex particles, a little amount of St was added to improve the affinity between the PMMA seeds and St monomers, which is favorable for the subsequent encapsulation. It is the same reason for the addition of a little amount of MMA in the stage of encapsulation. Thus coreshell structured PMMA/PS microspheres are successfully synthesized, as shown in Fig.1 . The average size of PMMA seed latex particles and core-shell structured PMMA/PS latex particles can be calculated to be 98 and 229 nm, respectively. Because PMMA is more hydrophilic than PS, the PMMA chains tend to migrate toward the shell layer. As a result, a mutual diffusion of polymer chains is unavoidable during the formation process of the core-shell structure, producing a transition layer rather than an obvious boundary between the core and the shell.
PS hollow microspheres can be prepared through alkali/acid osmotic swelling [24] . Figure 2 shows TEM images of core-shell structured PMMA/PS microspheres and the corresponding PS hollow microspheres after alkali/acid swelling. Hollow structure is clearly observed.
B. Morphology of ZnO/PS hybrid microspheres
The prepared PS hollow microspheres can be regarded as individual microreactors, in which ZnO nanoparticles are synthesized in situ through sol-gel method. The TEM photograph of PS hollow microspheres before swelling is displayed in Fig.3(a) and those of PS hollow microspheres containing ZnO nanoparticles (where the red line points at) in the cavities are shown in Fig.3 (b) , (c), and (d), respectively. However, it should also be noted that there are still some ZnO nanoparticles on the surface of the PS hollow microspheres in Fig.3 (b) and (d) . This is mainly because the washing time is not enough to remove all of the ZnO nanoparticles on the surface of PS hollow microspheres. Some cavities can still be found in Fig.3(c) , which indicates that the produced ZnO nanoparticles cannot fill in the cavities. The ZnO loading efficiency of all prepared samples was investigated by thermogravimetric analyses (TGA). Figure 4 shows the TGA curves of the prepared ZnO/PS hybrid microspheres. It can be seen that the degradation process of all three samples is divided into two stages. The weight loss in the first stage (about 8%) mainly comes from the evaporation of water on the surface of the hybrid microspheres. The second weight loss occurs about between 350 and 450
• C, which belong to the pyrolysis of PS chains. The weight losses of polymer in sample 1, 2, and 3 accounts for 68.3%, 78.1% and 50.9% respectively. Hence, the final ZnO loading efficiency of sample 1, 2, and 3 is 23.9%, 14.1%, and 41.3% respectively.
Obviously, both the swelling sequence of the ethanol solutions of (CH 3 COO) 2 Zn and LiOH on the PS hollow spheres and the molar ratio of [Zn(
have great influence on the loading efficiency of ZnO nanoparticles. It seems that there needs enough long time for Zn(CH 3 COO) 2 to swell and enter the inside of the PS hollow spheres first. When LiOH is added, ZnO nanoparticles can be in situ synthesized in the cavities of PS microspheres. If LiOH was first added to hollow PS microspheres latex, the ZnO nanoparticles will be produced mainly in water phase since the Zn(CH 3 COO) 2 have no time to enter the hollow PS microspheres (see Fig.3 (c) for sample 2).
C. Crystal form and size of ZnO nanoparticles Figure 5 shows XRD diagrams of ZnO/PS hybrid microspheres. It can be seen that all three sorts of ZnO/PS hybrid microspheres reveal the same hexagonal system, and their diffraction angles (2θ) at 31.6
• , 34.5
• , and 35.9
• represent the three characteristic crystal planes of ZnO, (100), (002), and (101) [25] . The average crystal size of sample 1, 2, and 3 are about 8.6, 6.7, and 8.4 nm respectively, calculated using Scherrer's equation:
where λ is the X-ray wavelength (1.5418Å), β is the half-width of the diffraction peak, and θ is the Prague diffraction angle. 
D. UV-Vis absorption and PL properties of ZnO/PS hybrid microspheres
The UV-Vis absorption spectra of three samples are shown in Fig.6 . It shows that the three samples have the same absorption peak position of ZnO nanoparticles, about 240 nm, regardless of their size. Correspondingly, it can be seen in PL spectra (Fig.7) that the maximum emission peaks of sample 1 and 3 are almost at the same position, about 523 nm. Because the maximum emission peak of ZnO nanoparticle is closely related to its size: the larger the ZnO nanoparticles, the longer their emission wavelengths [26] . This indicates that the size of these two sorts of ZnO nanoparticles is nearly the same, which is accordant with the results of XRD patterns. In the preparation process, sample 1 and 3, the same swelling sequence was adopted, but the molar ratio of (CH 3 COO) 2 Zn·2H 2 O to LiOH·H 2 O is different. Generally, the size of ZnO nanoparticles is controlled by the molar ratio of (CH 3 COO) 2 Zn·2H 2 O to LiOH·H 2 O [26] . But as for sample 2, the entering of Zn(CH 3 COO) 2 in the inner space of PS hollow microspheres is later than LiOH, the concentration of LiOH is much higher than that of Zn(CH 3 COO) 2 at first, leading to the decrease in the size of ZnO nanoparticles. Therefore, the emission peak of sample 2 moves towards shorter wavelength direction, about 470 nm.
IV. CONCLUSION
ZnO/PS hybrid microspheres, with nano-sized ZnO particles encapsulated in sub-micron hollow PS spheres, can be fabricated successfully by in situ synthesis of ZnO nanoparticles in hollow PS microspheres, which is obtained by acid-alkali swelling of core-shell structured PS/PMMA microspheres. The swelling sequence of ZnO precursors, the ethanol solutions of (CH 3 COO) 2 Zn and LiOH, has great influence on the loading efficiency and the size of ZnO nanoparticles, but little on their crystal form. The ZnO/PS hybrid submicron spheres display photoluminescent property, indicating the PS shell can effectively protect ZnO nanoparticles from the fluorescence quenching effect. The work provides a new way to the preparation of luminescent ZnO nanomaterials in aqueous circumstances, which gives promise to the potential applications in the fields of optical materials, photoconducting devices, and so on.
